We propose an experiment for an accurate measurement of the proton radius.
INTRODUCTION
The absolute value of the proton electromagnetic radius is a subject of significant interest [1] [2] [3] [4] .
Current knowledge of the proton radius is summarized in the PDG report [5] . The recommended value of r p is 0.877 ± 0.007 fm. Recent results of the µ-hydrogen spectroscopical experiment [1] suggest that electron-proton scattering could have unaccounted systematics. A number of potential interpretations have been discussed, see e.g. [6] and references within. Measuring the proton radius is a difficult task due to the very small size of the effect that the proton size introduces in the form factor at the momentum transfer when the notion of rms charge distribution is applicable with the required accuracy.
THE CONCEPT
The measurement of the proton form factor at low momentum transfer is a textbook method of electromagnetic radius determination. The form factor, F p , is defined by the equation:
where N counts is the number of elastic scattering events (after correction for radiative effects), N p is the number of protons per cm 2 in the target area visible by a detector in the beam path, N e is the number of beam electrons passing through the target during the data taking, E i is the incident electron beam energy, r e is the electron classical radius, θ e is the scattering angle, and ∆Ω is the detector solid angle.
The form factor is related to the rms of the proton charge distribution. At small momentum transfer in the first Born approximation, square of the momentum transfer,
) and the squared radius, r p 2 . Model dependence of the r p determination becomes acceptably low only at b 1. Even at a very small b, a number of known corrections need to be applied. Among them are corrections due to the two-photon effects.
Numerous electron scattering experiments have confirmed that b of ∼ 0.1 is sufficiently low for a 1% level determination of the radius. For example, the Carbon-12 radius measurement was performed by using the form factor measurement at b of ∼ 0.1 [7] . It is interesting to note that the muon X-ray technique result for the r Carbon−12 radius [8] is in perfect agreement with the one from the electron scattering. At b = 0.1, the form factor is equal to 0.9983. The uncertainty δr p /r p ≈ δb/b is 300 times larger than δF p . For 1% accuracy in the radius, the form factor needs to be measured to a precision of 3 · 10 −5 . The cross section measurement should have an accuracy better than 6 · 10 −5 .
All experimental parameters need to be determined with very high accuracy for the proton radius measurement. They are:
• Electron beam energy
• Electron scattering angle
• Electron beam intensity
• Proton target thickness
• Solid angle of the electron spectrometer
• Efficiency of the detector in the spectrometer Some of these parameters could be measured rather well: The photon back scattering from the multi-MeV electron provides an approach for the precision beam energy measurement. The compensated calorimeter method could be used in the precise measurement of the beam power in the beam intensity range of a few µA. However, currently achieved accuracies for other parameters are not sufficient for the r p experiment. Therefore, instead of an absolute determination of the form factor, we are considering a measurement of the form factor variation with the momentum transfer.
The measurement of the form factor difference at b = 0.05 and b = 0.15 could be realized with a high accuracy. In such an approach the stability of the apparatus becomes very important. At the same time, much larger uncertainties of the absolute values e.g. of the target areal density and the detector solid angle would be acceptable.
The measurements at several values of b could be achieved by the adjustment of the spectrometer position and its momentum. However, each of these operations would result in a big uncertainty in the setup parameters. For example, relocation of the spectrometer will change the spectrometer solid angle and effective thickness of the target.
We propose here a different way to change b: a variation of the beam energy with a fixed location of the spectrometer. In such a case, only the momentum settings need to be adjusted.
In the traditional magnetic spectrometers used in the electron scattering experiments, a change in the spectrometer momentum may lead to a significant change in the solid angle. Calibration of the solid angle with the required precision presents a difficult problem especially for the case of the extended hydrogen target. We propose to construct a custom magnetic spectrometer for the momentum range up to 75 MeV without the use of ferromagnetic material.
THE PROPOSED EXPERIMENTAL SETUP
The layout of the proposed experiment is presented in Fig. 1 . We would like to use an electron beam of 25-75 MeV and a scattering from a gas hydrogen target in a thin-walled container. A spectrometer will be located at a fixed angle of 30
• relative to the beam direction. The spectrometer will have a solid angle of 1 msr and transverse target acceptance of 0.5 cm.
At these beam energies, scattering from the proton could only be elastic. Counting rates will be between 1 and 10 kHz for a 1 µA beam with the hydrogen target at room temperature and with a pressure of 7.5 atm.
Electron beam
There are several accelerators which could provide a low energy beam with the required parameters. They are the CEBAF injector, the JLab FEL, the MAMI A, and DALINAC. The beam energy measurements will be accomplished with a laser back-scattering system. The energy spectrum of the backscattered X-rays has an end-point in a keV range which allows a precision calibration using 
Hydrogen target
A target pressure of 7.5 atm will allow the use of a thin-walled cell with carbon foil windows.
With a cell diameter of 2.5 cm, the wall thickness will be of 5 µm. The temperature will be stabilized by the usual means of a heating element. The pressure in the cell will be recorded. The electron energy loss in such a target will have a spread of 1 keV, which should be taken into account in the spectrometer momentum setting. Total energy deposition by the beam in the target will be about 20 mW.
Detector
The detector in the focal plane of the magnetic spectrometer will include three or four planes of thin scintillator counters followed by a thick counter of 30 cm. The data will be analyzed on-line via FADC electronics for the trigger and recorded for off-line analysis.
Magnetic spectrometer
For the low energy electrons of 4 MeV, the iron-free spectrometers were constructed with a solid angle of up to 35 msr, see e.g. Ref. [9] . With superconducting coils the iron-free toroidal spectrometer was constructed for the GeV momentum range [10] . However, room temperature coils allow some design advantages, e.g. direct control of the coil geometry during an experiment. In the proposed spectrometer a magnet will provide a magnetic field of 3 kG. A bend radius of 80 cm will allow for a compact device. A solid angle of 1 msr and momentum acceptance of 5% should be achievable for a 0.5 cm target size (normal to the spectrometer mid-plane). The in-plane angular acceptance should be several times smaller than the out-of-plane one to facilitate control of the average scattering angle. NMR probes will be used to check the proportionality between the field in the spectrometer and the current. The accuracy of such a measurement could be as good as
10
−5 or even better. The fringe field of the spectrometer will deflect the electron beam incident on the target. However, the momentum of the incident electrons and the spectrometer momentum setting are almost equal to one another. Therefore, the beam path variation should be small and correctable.
DISCUSSION
The study of the electron-proton scattering at low-Q 2 has been very active recently, see e.g. [2] and references within. Connection of the form factors to the light-cone densities at large values of an impact parameter through the dispersion theory has been elaborated in Ref. [11] . Accurate measurement of the proton form factor ratio, G p E /G p M , down to a small momentum transfer of 0.22 GeV 2 is reported in Ref. [12] . A concept of
means of a proton beam was introduced in Ref. [13] . The nucleon form factor data analysis via the dispersion relations [14] results in a value of r p =0.844 fm, which is in good agreement with the recent muon-hydrogen Lamb shift result [1], see also [4] . There is significant interest in resolving concern about the validity of the low Q 2 electron-proton elastic scattering method of r p determination.
In summary, we propose a concept of an experiment to measure a proton form factor momentum transfer dependence at very small values of the momentum transfer which should be capable of resolving the current proton size "crisis". The experimental apparatus under consideration could also be used for the measurements of the radius of other nuclei. * bogdanw@jlab.org 
